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Executive Summary

This report contains the results of a Channel Migration Zone (CMZ) mapping ef@étrfoles of the
Bighornextending from jusbelow the Yellowtail Afterbay Dam near Fort Smith to its confluence with
the Yellowstone River near Bighorn MAlong this setch, the rivertransitions fromhaving relatively
low rates of channel movement between Yellowtail Dam and the Little Bighorn River confluence to a
much more dynamic system downstream. The river commonly flows along high bluff lines that are
relativelyerosion resistant, but the finer grained units are prone to both some erosion as well as
landslides. Within the stream corridor itself, the river shows highly variable rates of movement.
Avulsions (thereation or reactivation of channels on the floodph) have occurred historically and will
continue to pose riskf rapid channel shiftMigration rates geerally increase in the downstream
direction as the channel slope flattens, the valley wid¢he,river becomes biggeand large rapidly
migrating neanderstraversethe floodplain. Old floodplain swalesmeander coresand tributary
channels running parallel to the rivereate high flow paths and avulsion routes.

Historic imagery beginning the mid-1950swas used to measure migration rates thgiuthe project

reach; hundreds of measurements were collected and statistically analyzed to determine mean rates of
movement for each reachMaximum migration distances measured for timeid-1950s2019 timeframe

range fromabout90 feet below afterbay dam to 1,020 feet in the lower river.

The impacts of Yellowtail Daoompleted in 196ave included reduced flooding and sediment delivery
through the project reach. As flooding and sediment are two large drivers of bank movement, it was
important to discern the historic versusodern rates of movement. As a result, the migration
measurements were segmented to captured-1950s197980 conditions (preand early postdiam)

and 197980-2019 (postdam). The post dam statistics were usedlavelop the CMZ units that
incorporate anticipated rates of future movement.

Ourobjectivewith the mapping and interpretations provided in this documestb assistiver corridor
landowners and other stakeholders in understanding the naturBighornRiverlateral migration,
focusing not only on the challenges that channel migration creates but also the critical contributions
that these processsmake to stream heath, resilience, and ecological vibrancy.
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Glossary and Abbreviations
Alluvial ¢ Relating to unconsolidated sediments and otheaterials that have been transported,
deposited, reworked, or modified by flowing water.

Avulsion¢ The rapid abandonment of a river channel and formation of a new chanellsions

typically occur when floodwaters flow across a floodplain surface at a steeper grade than the main
channel, carving a new channel along that steeper, higher energy path. As such, avulsions typically
occur during floods. Meander cutoffs areeoform of avulsion, as are longer channel relocations that
may be miles long.

AvulsionNodeg The location where a river splits or relocates from an existing channel into an avulsion
path.

Bankfull Discharge The discharge corresponding to the stage atolHlow is contained within the
limits of the river channel and does not spill out onto the floodpldankfull discharge is typically
between the 1.5and 2year flood event, and in the Northern Rockies it tends to occur during spring
runoff.

CDc¢ Consevation District.

Channel Migrationg The process of a river or stream moving laterally (side to sick®ssts floodplain.
Channel migration is a natural riverine process that is critical for floodplain turnover and regeneration of
riparian vegetation on newly created bar deposits such as point bars. Migration rates can vary greatly
though time and between different river ggsns; rates are driven by factors such as flows, bank
materials, geology, riparian vegetation density, and channel slope.

Channel Migration Zon¢éCMZ)¢ A delineated river corridor that is anticipated to accommodate natural

channel migration rates overgiven period of time. The CMZ typically accommodates both channel

YAINF GA2Y FYR FNBFA LINRYS (2 | @dzZ aA2y @ ¢ KS NXa&dz
corridor that would be active over some time frame, which is commonly 100 years.

DNRCc Department of Natural Resources and Conservation.

Erosion Buffer The distance beyond an active streambank where a river is likely to erode based on
historic rates of movement.

Erosion Hazard Are@EHA) Area of the CMZ generated by applying thestoo buffer width to the
active channel bankline.

Flood frequencyg The statistical probability that a flood of a certain magnitude for a given river will
occur inany given year. A 1% flood frequency event has a 1% chance of happening in any gived year a
is commonly referred to as the 18@ar flood

Floodplain An area of lowying ground adjacent to a river, formed mainly of river sediments and
subject to flooding.
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Fluvialg¢ Streamrelated processes, from the Latin word fluvius = river.

Geomorphology-¢ KS &G dzRé 2F fFyRT2N¥a 2y (GKS 9 NIKQ& & dzNF
f I yYRT2NYA® GCfdz@AlE DS2Y2NLK2f238é¢ NBFSNE Y2NB &
surface.

GISc Geographic Information SystemA system of hardwarand software used for storage, retrieval,
mapping, and analysis of geographic data.

Historic Migration Zone (HMZ) The historic channel footprint that forms the core of the Channel
Migration Zone (CMZ)The HMZ is defined by mapped historic channeltioos, typically using historic
air photos and maps.

z ~

Hydrologyc¢ KS &G dzReé 2F LINPLISNIASATI Y20SYSyidx RA&GNAO dzi
surface.

Hydraulicsc The study of the physical and mechanical properties of flowing liquids (primatiy)wa
This includes elements such as the depth, velocity, and erosive power of moving water.

Large Woody Debris (LWQ)Large pieces of wood that fall into streams, typically trees that are
undermined on banks. LWD can influence the flow patternstb@dhape of stream channels and is an
important component of fish habitat.

Management Corrido Amappedstream corridor that integrates CMZ mapping and land use into a
practical corridor for river managemeand outreach

Meander- One of a series of galar freely developing sinuous curves, bends, loops, turns, or windings
in the course of a stream.

Morphology - Of or pertaining to shape.

NAIP¢ National Agriculture Imagery ProgramA United States Department of Agriculture program
that acquires aeridmagery during the agricultural growing seasons in the continental U.S.

Planform- The configuration of a river chaal system as viewed from above, such as on a map.
RDGR Reclamation and Development Gta Program, DNRC.

Restricted Migration Area (RMA) Those areas of the CMZ that are isolated from active river migration
due to bank armor or other infrastructure.

Return Intervat The likely time interval between floods of a given magnitudikeis can be misleading,
however, as the flood with a 18@earreturn interval simply has a 1% chance of occurring in any given
year.

Ripariang Of, relating to or situated on the banks of a river. Riparian zones are the interface between
land and a river or stream. The word is derived from Latin ripa, meanirrpaivie Plant habitats and
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communities along stream banks are called riparian vegetation, and these vegetation strips are
important ecological zones due to their habitat biodiversity and influence on aquatic systems.

Riprapg A type of bank armor made ug mcks placed on a streambank to stop bank erosion. Riprap
may be composed of quarried rock, river cobble, or manmade rubble such as concrete slabs.

Sinuosity- Thelength of a channel relative to its valley lengtBinuosity is calculated as thatio of

channel length to valley length; for examplesteaight channel has a sinuosity of 1, whereas a highly
tortuous channel may have a sinuosity of over 2.0. Sinuosity can change through time as rivers migrate
laterally and occasionally avulse into nevaohels. Stream channelization results in a rapid reduction in
sinuosity.

Stream competency The ability of a stream to mobilize its sediment laeltich is proportional to flow
velocity.

Terraceg On river systems, terraces form elongated surfaces filaak the sides of floodplains. They
represent historic floodplain surfaces that have become perched due to stream downcutting. River
terraces ardypically elevatedabove the 100year flood stagewhich distinguishes them from active
floodplain areas.

Wetland ¢ Land areas that are either seasonally or permanently saturated with water, which gives them
characteristics of a distinct ecosystem.
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1 Introduction

The Bighorn River Channel Migration Zone (CMZ) mapping project exténider@niles from Afterbay
Dam near FarSmith down to the confluence of the Bighorn and Yell@nstRivers near Bighorn, MT
(Figurel). River corridor communities located within or adjacent to the Bighorn River corridor include
Fort Smith, Hardin, and Bighorn.

Thiswork was funded by the Bighorn River AllianceRB)aspart of theBHRAResearch Initiativelhe
Research Initiative has completed several projects to date focused on understanding the physical,
biological, and management issues on the river. Reports and summary documents can be found online
at https://www.bighornriveralliance.org/

The goal of the Channel Migration Zone mapping is to evaluate historic rates of channel movement, and
to use that data to develop a mapped corrideith a supporting narrativéhat describes erosion

patterns, erosn risks, and corridor boundaries that will demonstrably accommodate a century of
unimpeded channel movemeniThe ultimate product of the effort is a series of Channel Migration Zone
maps that extend from Afterbay Dam to the Yellowstone River, accompéitkus report that

describes methods and results. The project also has a public outreach component focusing on the
agricultural, tribal, and recreational sectors along the riadthough that task has yet to be completed

due to Coviell9.

The mappingan be used to assess patterns of bank erosion in areas of concern, locate old channel
paths and restoration opportunities, and identify areas with spawning gravel recruitment, riparian
expansion, and costffective land use management opportunities.

1.1 Other Relevant Studies

Over the past few years, the Bighorn River Alliance has funded several investigations through the
Research Initiative that may be useful to those interested in the evolution and current condition of the
Bighorn River as they relate toartmel dynamics.

1.1.1 Characterization of Bighorn River Hydrologic Alterations Below Yellowtail
Dam (Boyd, 2019)

This report may be useful to those interested in understanding how flow control has changed the
hydrology of the river below Yellowtail Darhongterm trends show that dam construction has reduced
spring flooding while increasing flows in fall and winter. Boysen Dam, which was built between 1947 and
1952, had a major impact on river flows prior to Yellowtail Dam completion in 1965. Once Yellowtail
Dam was closed, flows became increasingly simplified downstream, with a lower range in flows resulting
in less variability, less flooding, and fewer low flow periods. This effectively created the tailwater fishery
we see today. Since then, there have beenipds of drought coupled with changes in operating criteria
that affected flow patterns. The drought years prior to 2009 occurred prior to the establishment of
modern operating criteria, and have a distinct hydrologic signature, including persistentipesvand
a dominance of flow releases through the dam powerhouse. Since 2009 flows have been consistently
higher, resulting in an increased use of the dam spillway supplemental to the powerhouse. Occasional
use of the lowermost river outlet appears tovea distinct temperature signature on the river.
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1.1.2 Spatial Imagery Consolidation and Channel Feature Delineation (Thatcher,
2019)
This report details the key spatial data sets that wesenpiled or created to support the Research
Initiative. The imagery, bankline mapping, physical feature, and LIDAR data sets are the core information
for this Channel Migration study.

1.1.3 Preliminary Assessment of Bighorn River Side Channel Restoration
Potenti al (Boyd, 2020)

Many historic side channels on the Bighorn River have become increasingly disconnected from the
mainstem due to sediment infilling and vegetation encroachment at their entrances. In this effort,
channels with limited connectivity were evalted and ranked in terms of restoration potentials. A total
of 29 channels were evaluated in terms of current and potential connectivity. Of these 29 channels
SOl fdz2 G§SRZ Mo 6SNBE O2yaARSNBR daid2L) GASMNakssch ¢ KSas
because substantial reconnection can be achieved with minimal to moderate excavation. Each top tier
channel is described in terms of the approximate amount of excavation necessary, the flows at which
activation will occur, and the length of chael restored.

1.1.4 Bighorn River Alliance Research Initiative - Inundation Risk Maps
(Thatcher /Boyd, 2020)
There has been a strong desire to assess flood risk along the Bighorn River corridor. Creating flood maps
that are regulatory in nature is@ostly process that relies on both elevation data and a calibrated
hydraulic model. That said, the elevation data itself can be used to estimate extents of anticipated
inundation based on river stage. The results help landowners understand the elevatiagirof
properties relative to water surface elevations on the river and better understand risk.

This report details a series of Inundation Risk Maps generated for the river corridor from Yellowtail Dam
to the Interstate 94 river crossing near the Yellowsdriver confluence. This builds on work completed

in 2019(Thatcher and Boydd develop baseline data sets and assessments of conditions in the corridor.
The primary goal was to develop a series of maps depicting relative levels of inundation riskyosed

river flooding. These maps should not be confused with flood mapping that relies on calibrated hydraulic
modeling. They are intended to act as a tool to help river and land use managers, both public and
private, better understand potential risks fromenbank flow. These maps can be used in conjunction

with the Channel Migration Zone Mapping to make informed management decisions.

1.2 The Project Team

This project work was performed by Karin Boyd of Applied Geomorphology and Tony Thatcher of DTM
Consulting.Over the past decade, we have been collaborating to develop CMZ maps for numerous
rivers in Montana, to provide rational and scientificadlyund tools for river management. It is our goal

to facilitate the understanding of rivers regarding the risksytpese to infrastructure, so that those

risks can be managed and hopefully avoided. Furthermore, we believe the mapping supports the
premise that managing rivers as dynamic, deformable systems contributes to ecological and geomorphic
resilience while supgrting sustainable, costffective development.
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1.3 What is Channel Migration Zone Mapping?

The goal of Channel Migration Zone (CMZ) mapping is to provide-aftagive andscientificallybased

tool to assist land managers, property owneagency personel,and other stakeholders in making

sound land use decisions along river corridors. Typically, projects constructed in stream environments
such as bank stabilization, homes and outbuildings, access roads, pivots, and diversion structures are
built without a full consideration of site conditions related to river process and associated risk. As a
result, projects commonly require unanticipated and costly maintenance or modification to
accommodate river dynamics. CMZ mapping is therefore intended taifig¢imose areas of risk, to

reduce the risk of project failure while minimizing the impacts of development on natural river process
and associated ecological function. The mapping is also intended to provide an educational tool to show
historic stream chnnel locations and rates of movement in any given area.

CMZ mapping is based on the understanding that rivers are dynamic and move laterally across their
floodplains through time. As such, over a given timeframe, rivers occupy a corridor area whitsis wid
dependent on rates of channel shift. The processes associated with channel movement include lateral
channel migration and more rapid channel avulsiBigre2).

Avulsion
Bendway Cutoff
between 1976 - 2001 - 1976

Figure2. Typical patterns of channel migration and avulsion evaluated in CMZ developntéese polygons collectively
make up the Historic Migration Zone (HMZ)

The fundamental approach to CMZ mapping is to identify theidar area that a stream channel or
series of stream channels can be expected to occupy ogarea timeframeg typically 100years. This

is defined by first mapping historic channel locations to defineHrstoric Migration Zone, ddMZ
(Figure2). Using those mapped banklines, migration distances are measured between suites of air
photos, which allows the calculation of migration rate (feet per year) at any Aiterageannual
migration rates are calculated on a reach scale exténded to the life of the CMZ, which in this case is
100 years. This 18@ar mean migration distance defines the Erosion Buffer, which is added to the
modern bankline to define the &sion Hazard Arear EHA

Channel migration rates are affected by geomorphiluencessuch as geology, channel type, stream
size,sediment volume, sediment sizilow patterns, slope, bank materials, and land use. For example,

an unconfinedneandering channel with high sediment loads would have higher migration rates than a
geologically confined channel flowing througbedrock canyonTo address this natural variability, the

study area has been segmented into a series of reaches thaeamorphically similar and can be
characterized by average migration rates. Reach breaks can be defined by changes in flow or sediment
loads at tributary confluences, changes in geologic confinement, or changes in stream pattern. Reaches
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are typically orthe order of five to 10-mileslong. Within any given reach, dozens to hundreds of
migration measurements may be collected.

Changes in geomorphic drivers can also be imposed on a river system, and on the lower Bighorn River,
the construction of numerosidams in the upper watershed has altered flow patterns and sediment
delivery to the project reach. As such, the migration rate measurements have been evaluated with
those impacts considered.

Avulsionprone areas are mapped where there is evidence of gagimc conditions that are amenable

to new channel formation on the floodplain. This would include meander cores prone to dtitpife

2), historic side channels &b may reactivate, and areas where the modern channel is perched above its
floodplain.

The following map units collectively define a Channel Migration Zone (Rapp and Abbe, 2003):

W Historic Migration Zone (HMZ) the area ofcurrent andhistoricchannel occupation,
usually defined by the available photographic record.

w Erosion Hazard Area (EHAJhe area outside the HMZ susceptible to channel occupation
due to channel migration.

w Avulsion Hazard Zone (AHZJloodplain areas geomorphically suscdybdi to abrupt
channelformation or reoccupation

w Restricted Migration Area (RMA- areas of CMZ isolated from the current river channel by

constructed bank and floodplain protection featureBhe RMA has been referred to in
other studies as the DMAisconnected Migration Area.

¢tKS wSAaUINAROGSR aAdaNXGA2Yy ! NBIF o6wal! o Aa O02YY2yfé N
f2y3aISNI I OOSaaAroftSe o0& GKS NAGSNI owl LILJ FYyR !'0606Sz Hw
restricted due to human activis provide insight as to the extent of encroachment into the CMZ and

highlight potential restoration sites. These areas may also actively erode in the event of common project

failure such as bank armor flanking. For this reason, the areas of the naWliZath@t have become
Adaz2ftFrGSR INB O2yilFlAYSR 6AGKAY (GUKS 20SNYftf /a¥% 02dz
natural CMZ footprint.

Each map unit listed above is individually identified on the maps to show the basis for including any
given aredn the CMZ footprintKigure3).

Bank S
o TR
Stabilization ‘:‘:M:;:‘; CMZ Boundary
428

&

b

N

Stabilizati
CMZ Boundary eation EHA

Figure3. Channel Migration Zone mapping units.
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Although the basic concept for Channel Migration Zone piragefforts issimilarthroughout the

country, different approaches to defining CMZ boundaries are used depending on specific needs and
situations. These differences in assessment techniques can be driven by the channel type, different
project scales, th type and quality of supporting informatiothe intended use of the mapping, etc. For
this study, the CMZ is defined as a composite amelding the Historic Migration Zone (HMZ), Erosion
Hazard Zone (EHA), and Avulsion Hazard Zone (AHZ). The HMZ cahsistsligictive footprint of
mappedchannel locationsisingair photos fromthe mid-1950s, late 1970s, 1996, 2005, and 20The
EHAis created as & 0 dzFtateki#&nds landward from the 2@ichannel margins. The width of the
buffer isbased on reaciscale average migration rates and is intended to show areas that are at
demonstrable risk of channel migration over the next centukyeas beyond therosion bufferthat

pose risks of channel avulsiomhich is a different process than gradual migratine identified as
Avulsion Hazard Areas or AHhis approach generally falls into the standards of practice for Reach
Scale, Modeate to High Level of Effort mapping studies as defined by the Washington Department of
Ecology\ww.ecy.wa.goy. As the Bighorn River commonly flows along and migrates into high valley
walls that are erodible, spe@fEHA buffers have been developed based on measurements as well as
geology. Geotechnical setbacks that would capture the risk of hillslope failures in the upland®have
been created for the valley margins since they are so site specific, but lasdstEleommon and

should always be considered as another risk factor.

1.4 Relative Levels of Risk

The natural processes of streambank migration and channel avulsion both create risk to properties
within stream corridors. Although the siecific probabilityf any area experiencing either migration

or an avulsion during the next century has not been quantified, the characteristics of each type of
channel movement allows some relative comparison of the type and magnitude of their risk. In general,
the ErosiorHazard Area delineates areas that have a demonstrable risk of channel occupation due to
channel migration over the next 100 years. Such bank erosion can occur across a wide range of flows,
and the risk of erosion into this map unit is relatively highe Avulsion Hazard Area delineates areas
where conditions may support an avulsion, although the likelihood of such an event is highly variable
between sites and typically depends on floods. Large, long duration floods have the potential to drive
avulsions even after decades of no such events. During the spring of 2011, for example, the Musselshell
River flood drove 59 avulsions in three weeks, carving 9 miles of new channel while abandoning about
37 miles of old river channel (Boyd et al, 2012).

1.5 Uncetainty

There is always uncertainty in predicting river behavior, in part due to the range of stochastic events
that can occur. On the Bighorn Riveite-specific events such aady debris jarg, sediment slug
delivery, landslides, or ice jant®ulddrive responseshat may not be captured in the mapping in terms
of spatially explicit risksWe believe that the CMZ mapping effectively envelops likely river locations
projected over the next century, but occasional channel movement beyond the CMZ bounidarie
plausible and should be expected.
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future migration is based on an assessment of historic channel behawodyitrers of channel
migrationsince Yellowtail Dam was buéte assumed to be relatively consistaver the next century.

If conditionschange significantly, uncertainty regarding the proposed boundaries will increase. These
conditions include system hydrologgediment delivery rateslimate,valley morphologyriparian
vegetation densities and extents, and channel stabilitysubsantial changes are made to the flow
release patterns from Yellowtail Dam, for example, rates of bank erosion could change. In addition,
bank armor and floodplain modifications such as bridges, dikes, lewesand and gravel minirgpuld

also affect magoundaries.

1.6 PotentialCMZ MapApplications

The CMZ mapping is intended to supporaageof applications but the mapping should be primarily
viewed as a tool to support informed management decisions throughout a river corifaential
applicatiors for the CMZ maps include the following:

W Identify specific problem areas where migration rates are notably high and/or infrastructure
isthreatened

w Identify restoration opportunities, especially in the Historic Migration Zone.

w Improve sakeholder undersanding of the risks and benefits of channel movement.

w Help stakeholders avoid unnecessary risk to investment.

w Optimize longterm ecological function through allowed channel movement.

w Develop project priorities, timelines, and funding mechanisms.

w Developriver corridor best management practices

w Facilitate productive discussion between regulatory, planning, and development interests
active within the river corridar

Note:

The CMZ mapping developed in this study was developedutihnyexplicit intent of either providing
regulatory boundaries or overriding siecific assessmenté\nyfuture use of the maps as a

regulatory tool should include a careful review of the mapping criteria to ensure that the approach used
is appropriate fothat application.

1.7 OtherRiverHazards
The CMZ maps identify areas where river erosion can be expected to occur over the next century. Itis
important to note that river erosion is only one of a series of hazards associated with river corridors.

1.7.1 Flooding
The CMZ maps do not delineate areas prone to flooding. The difference between mapped flood
boundaries and CMZ boundaries can be substantial. In cases where the floodplain is broad and low, the
CMZ tends to be narrower than the flood corridor (left sclagimonFigure4). In contrast, where
erodiblematerials form high valley wallye CMZ is commonly wider than the floodplain, because the
valley walimay be high enough tescapelooding, but notresistant enough to avoidrosion (right
schematic orfFigure4). On the Bighorn, for example, high valley margins composed of fine grained silts
have been assigned an EHA buffer, even though the high surfaces are well out of the floodplain.
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Figured4. Schematic comparisons beeen CMZ and flood mapping boundaries (Washington Department of Ecology).

Figureb shows a property on the Yellowstone River in Park County that was progressigelynined
during the 19961997 floods, prompting the owner to burn it down to prevent any liability associated
with the structure falling into the river. This has been a chronic problem in river management, as
landowners assume that if their home is beyaihe mapped floodplain margin, it is removed from all
river hazards.

Figure5. Yellowstone River home on high glacial terrace that was burned down in 1997 to prevent its undermining by the
river.

FEMA flood mapping from 1978 available for th&ighorn Riverand itshowsonly ApproximateZone A
(approximate 106/ear flood) boundaries (www.fema.gov). This information is quite old and does not
includeanydetailedhydraulicanalyseghat would have provided®ase FloodElevations or flood depths.
In order to further our understanding of flood risks on the Bighorn River, we recently completed a
relative elevation analysis of the Bighorn River floodplain (Thatcher and Boyd, 2020). This mapping
shows relative flood riskas a function of height above rivefiure6). ThesdRelative Elevatiomaps
canbe used in combination with the Channel Migration Zone magotesicer spatial riskdo human
health and safetyassociated with channel movement and flooding.
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Inundation Risk (Low to High)

9-10 Low Risk
8-9
7-8
6-7
5-6 k3 :
4-5 Moderate Risk |a v_b/j, \.\\
_ A\
] 3-4 ,flﬂb\),in\.w
@x 2-3
g -
‘:’ i j 1-2
< L
—_ 0= High Risk
= 0--1
=
[id
z
o
@
[s1]

-3- -4 Very High Risk

Agricultural Fields
with Moderate to

) '@ J 0 1,000 2,000

. Inundation Risk Mapping on the Bighorn River, showing elevatlmased risk assessment results (Thatcher, 2020)
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1.7.2 IceJams

Another serious river hazard, especially in Montana, is ice jamniling Corps of Engineers Ice Jam

DatabasewWww.icejam.sec.usace.army.mngdhows that, btween 1894 an@017, a total of 4,514 ice

jams have ben documented in Montana, and 380 rivers in Montana have at least one recorded jam
(Figure7). Montana has the most ice jam events recorded in the US.

Number of Recorded Ice Jams Ranked by State
US Army Corps of Engineers

4514

2000 1673

1452 1425 1393

1500 1231 1198 1182 108s 087
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Figure7. State ranking of ice jam frequency; Montana ranks first with over twice as many jams as the second ranked state.
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Ice jams are most common Montana duringFebruary and Miach. Dams can cause flooding upstream
due to ba&watering, and downstream of the jamhereice chunks mobilized by breakups can cause
damage. Breakups can occur rapidly, and it generally takes water that is almost two to three times the
thickness of the ice to mobilize the jammed ice. Ice jams cancaluse avulsions by entirely blocking
channels and forcing flows onto the floodplain.

TheBighornRiver below Yellowtail Danbes not appear to bparticularlyprone to ice jammingyhich

is likely due to relatively warm water releases from YellowtathDawinter months. However, the river

is highly prone to ice jamming upstream of Bighorn Lake in WyanfimgexampleBighorn River ice

jams have caused substantial damages in WorkmtiGreybull A 2014 ice jam in Worlar{#igured)

resulted in the flooding of 60 homes and evacuation of 80 people (www.icejam.sec.usace.army.mil).
Below Yellowtail Dam, numerous ice jams have been recorded on Big Horn River trihutatieding
SoapCreek, Beawrs Creek, Rotten Grass Creek, the Little Bighorn, and Tullock Creek. Only two ice jams
are recorded on the mainstem Bighorn, and both are at the lowermost end of the river near its
confluence with the Yellowstone; one on Mar7, 1956 and another on January 14, 1983.

Figure8. Bighorn River flood fight in Greybull Wyoming, March 20&4my.mil).

1.7.3 Landslides
The valley wall along the Bighorn River is prone to landslides, especially in the upper reaches of this
study where they are composed primarily of fine grained shatégure9 shows an example of a
landslide blocking a side chanmel the Bighorn Although a geotechnical setback has not been
guantified to incorporate landslide risks, an erosion buffer has been applied to the erodible valley walls
to capture risk of cannel migration into those units.
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Figure9. Google Earth (2016) image showing side channel blocked by landsigé/ 56.7

Disclaimer and Limitations
The boundaries developed on the Channel Migration Zone mapping are intended
to provide a basic screening tool to help guide and support management
decisions within the mapped stream corridor and were not developed with the
explicit intent of providing regulatory boundaries or overriding-sigecific
assessments. The criteria fteveloping the boundaries are based on reach
scale conditions and average historic rates of change. The boundaries can
support river management efforts, but in any application, it is critical that users
thoroughly understand the process of the CMZ dearemnt and its associated
limitations.

Primary limitations of this reaebcale mapping approach include a potential
underestimation of migration rates in discrete areas that are eroding especially
rapidly, which could result in migration beyond the map@&dZz boundary.
Additionally, sitespecific variability in alluvial deposits may affect rates of
channel movement. Mapping errors introduced by the horizontal accuracy of
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the imagery, digitizing accuracy, and air photo interpretation may also introduce
small errors in the migration rate calculations. Future shifts in system
hydrology, climate, sediment transport, riparian corridor health, land use, or
channel stability would also affect the accuracy of results, as these boundaries
reflect the extrapolatia of historic channel behavior into the future. As such,
we recommend that these maps be supplemented byspigeific assessment
where neasterm migration rates and/or site geology create anomalies in the
reachaveraging approach, and that the mapping eeisited in the event that
controlling influences change dramatically. A-specific assessment would
include a thorough analysis of site geomorphology, including a more detailed
assessment of bank material erodibility, both within the bank and iaceadit
floodplain areas, consideration of the site location with respect to channel
planform and hillslope conditions, evaluation of influences such as vegetation
and land use on channel migration, and an analysis of thespeeific potential

for channeblockage or perching that may drive an avulsion.
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2 Physical Setting

The following section contains a general description of the geographic, hydrologic, and geologic
influences on thaighornRiver to characterize the general setting and highlight how that setting may

affect river process

2.1 WatershedGeography

The Bighorn River watershedabout 23,000 square miles in total area, about 83% of which is upstream
of Yellowtail Dam Above Bighorn Reservoir, the river drains portions of the Wind River Range, Absaroka
Plateau, and Blgorn Mountains. The project area is in the lower river below the dam, which receives

additional runoff from the northern flank of the Bighorn Mountains.
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2.2 Geology

The Bighorn River valley is a wadifinedgeologic feature, with a broad floodplain and steep valley
margins. The valley walls consist of primarily fine grained shales from Fort Smith to below Hardin,
transitioning toprimarily sandstones in the lower pject area. These Cretaceeage units are typically

FigurelO. BighornRiver Watershed.

capped by young alluvigravels that form high terraces on the valley margins
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Figurell. Simplified geologic map of the lower Bighorn river showing terraces cappingviidkey walls underlain
predominantly by shale from Fort Smith to below Harding, and sandstones downstream.

BighornRiverCMZMapping 14 January 2021



2.3 Hydrologyand Flow Management

In mapping Channel Migration Zones, it is important to consider whether the time frames used to

evaluate channel moveSiy i | NB NBLINBaSyidal G§AgdSo ¢tKS GNBLINBaSyi
respect to current and anticipated future channel migration rates can be affected by changes in flow
management as well as natural flow patterns. Our goal is to use the longeetentative timeframe

possible. Longer timeframes will provide better results in terms of calculating average annual rates of
movement, as longer timeframes are more likely to capture natural variability in flows, including low

water years and high wategtears. That said, if major changes have been made in flow management,
timeframes for the analysis may have to be shortened.

The hydrologic history of the Bighorn River has proven a major consideration in our analytical approach
to CMZ mapping. Currentlyiver flows are governebly the volume of water entering Bighorn Lake and
released through Yellowtail Darane of several reservoirs in the basin. The progressive hydrologic
alterations imparted by flow management since the 1920s in the Bighorn Riversivad were

summarized in a Bighorn River Alliance Research Initiative report (Boyd, 2019). Some major conclusions
of that investigation that are relevant to this analysis include the following:

1 Boysen Dam, which was built on the Wind River near Thertizopetween 1947 and 1952, had
a major impact on Bighorn River flows prior to Yellowtail Dam completion in 1966.

9 Once Yellowtail Dam was completed in 1966, flows became increasingly simplified downstream,
with a lower range in flows resulting in less vhiiity, less flooding, and fewer periods of low
flow. This flow management has created the tailwater fishery that is so renowned on the
Bighorn River.

9 High inflows since 2009 created a new receydirologicpattern relative to the drought years
prior, with higher peak flows of longer duration.

Figurel2 shows the trend of decreasing annual peak flows over three
management timeframesh y (G KS & S LXirlidasthe 21 Kn8l 3y 6 2

quartiles(25™ to 75" percentiles or 50% of the data points surrounding the Wl
median). The whiskes are the 1and 4" quartiles. The median value is a <— 3rd Quartile
horizontal line in the box angtatistical outliers are shown as individual points. e
This gaging station is located at Afterbay Dam near Fort Smith, and thus cap 1st Quartile
Yellowtail Dam releases. The results of this assessment suggest that conditi

prior to 1966 are probably not reflective of current rates of channel change. ° @ <— outlier

helps pu boundaries on migration rate measurements and analyses, to ensuie
that the CMZ mapping captures modern hydrologic conditions. The influence of flow alterations on data
collection and analysis is further described in Sec3idn

Another important consideration in the analysis is the more recent flood history, to see if there has been
a fair representation of events that would provide confidence in calculatingpgeerates of channel
movement. Figurel3 andFigurel4 show annual peak flows @asured from 1982020 at Afterbay

Dam and above Tullock Creek (near the confluence with the Yellowstone River), respectively. Flood
frequencies are plotted as horizontal lines on the charts. These plots show that no floods in excess of a
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25year event lave been recorded at Afterbay Dam since at least 188fli(e12), although there have
been five ~10 year floods since 2009.

Annual Peak Discharge
Bighorn River below Afterbay Dam USGS 06287000%*

Pre- and Post- Yellowtail Dam

40000
* USGS name for gage is "Bighorn

River near St Xavier"
35000

30000
25000 @
20000

15000

Annual Peak Flow (cfs)

10000

Pre-Boysen Dam (1935-1952)
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Pre-Yellowtail Dam (1953-1966)
0 Post-Yellowtail Dam (1967-2017)

Figurel2. Rame of annual peak flows for timeframes prior to Boysen Dam completion, between Boysen and Yellowtail
completion, and postYellowtail dam showing continued drop in annual peak flows.

The gage above Tullock Creek is located near the confluence of the Bagib¥fellowstone Rivers, so it
captures the lowermost part of the watershed. Flows at this gage are still strongly affected by Yellowtail
Dam operations, but additional tributary inputs below the dam create more flow variability in the lower
river. Figurel3 shows that there has been very little flooding on the lowiger with the exception of a

large flood in 2011 that was about a-y8ar flood event.

The lack of rpetitive flooding below Hardin suggests that migration rate measurements collected below
the mouth of the Little Bighorn River may underestimate overall potential rates of movement and thus
should be considered conservative.
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* USGS name for gage is "Bighorn River near St Xavier"

Figurel3. Annual peak flows for the Bighorn River at Afterbay Dam, 12820; recent high flow events are circled.
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Figurel4. Annual peak flows for the Bighorn River above Tullock Creek (tigaiYellowstoneRiver confluencg 198062020.

Annual peak discharges plotted for both gaging statiéigurel5) show how large the 2011 flood was
on the lower river relative to upstam, which reflectsributary inputs below Yellowtail Danfor
example, the 2011 floodias intenseon the Little Bighorn River, wheredD had to be closed due to
complete inundation on May 2ZF{gurel6). St Xavier was also badly flooded, but images of the flood
patters indicate much of that was due to swollen Rotten Grass Creek rather than the Bighorn itself
(Figurel?).

Thel1979/80-2019timeframeas defined by the 1979/1980 imagemas ultimately used to calculate
rates of movement, athisimagery was availabler the entire study aredor postYellowtail Dam
conditions, and 209 fall imagery to capture recent high watgrars As discussed later in this
document, earlier imagery frorhe 1950s was used to help characterize-pedlowtail channel
morphology and dynamics, although the mapping is based onYe&wtail Dam migtion rates.
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Figurel5. Recorded annual peak floods for gaging stations near Afterbay Dam (6287000) and near the Yellowstone River
confluence (06294500)

Figurel6. May 22, 2011 Littl®ighorn River flooding prompting closure oP0 near Crow Agency (Billings Gazette).
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Figurel?. View northwest showing St Xavier flooded by Rotten Grass Ciae2011 Bighorn River flows from left to right in
distance.

2.4 Bank Amor

Bank armor was mapped where visible on air photos, Google Earth, or oblique photographs. Since there
was no ground inventory, the mapping probably captures a conservative estimate of the extent of bank
armor on current and historic channels. Additédly, the bank armor inventory has no assessment of
condition or functionality. Along the length of tiBaghornRiver, we mappe®8.5miles of bank armor

which covers abou2.1% of the total bankline. The bank armor consistEnlyof rock riprap 58 barbs

were alsomapped of which 31 were flanked in the 2019 imagekg.a result,liese areas are not

included in the bank armor totals.

The extent and impact of bank armoring on the CMZ is described in more detail in Se&tion

2.5 Transportation Infrastructure

Transportation infrastructure, including roads, bridges, and railroads arevailgie features that often

have extensive bank armoring associated with them. This is especially true where the feature parallels
the channel. Armoring will restrict the abjlifor a stream to migrate laterally in an effort to protect the
feature from damage. With the exception of local impactd2bridge crossings, thBighornRiver

within the study area is generally unaffected by transportation infrastructur¢he case bthe

Interstate 90 crossing in Hardin, fobridges (190 East anWest, railroad and frontage road) are

clustered together creating a single constiacti Similarly, the Interstate 94 crossing near the

Yellowstone confluence is a grouping of four bridgétkin a mile of the confluence.
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3 Methods

The development of th&ighornChannel Migration Zone (CMZ) mapping is based on established
methods used by the Washington State Department of Ecology (Rapp and Abbe, 2003), and closely
follows methodologies usedn over 1,200 miles of rivers in Montana.

3.1 Aerial Photography

CMZ development from historic imagery is dependent on the availability of appropriate imagery that
covers the required time frame (50+ years), the spatial coverage of that imagehghe quaty of the
photos. It is important to use imagery with the best possible quality, scale, extent, and dates so that
historic and modern features can be mapped in sufficient detail.

As discussed in tlBHRAMAResearch Initiative Spatial Information reporhétcher and Boyd, 2019), five

primary imagery data sets were seledtd 954/5%, 1979/80, 1996 DOQ, 2005 NAIP, and 2017 NAIP.

These imagery sources are discussed in depth in that report and summarizaioléd. The 2019 NAIP

imagery was added as a primary data set for the CMZ an#dyisislude changes that occurred during

the 2018 and 2019 floosl Additional US Army Corps of Engineers imagery from 1939, 1961, 1@70, a
Mmpdpn F2NI GKS FNBIF dz2LJAGNBFY 2F alfflNRQa [FYyRAY3

Tablel. Aerial photography used for th&ighornRiver Channel Migration mapping studold text represents time frames
with mapped banklines.
Image Date  Digitized
Banklines

Flow (CFS)

1939 USACOE NA No NA Dam to Mallards Landing
1954 USACOE NA Yes 2,000 to 4,000 Dam to Mallards
Landing
1956 USDA APFO  8/9/56 Yes 2,060 Mallards Landing to
Yellowstone
1961 USACOE NA No NA Dam to Mallards Landing
1970 USACOE NA No NA Dam to Mallards Landing
1979 USDA APFO  8/9/79 Yes 3,610 Lower 13 miles
1980 USDA APFO  9/26/80 Yes 3,980 Big Horn County
1980 USACOE NA Yes 3,000 to 4,000 Dam to Mallards
Landing
1990 USACOE NA No NA Dam to Mallards Landing
1996 DOQ USDA 8/8-26/1996 Yes 2,440 to 2,900 Entire river
2005 NAIP  USDA 7/13/05 Yes 4,410 Entire river
2017 NAIP  USDA 8/10 and Yes 3,990/ 3,140 Entire river
8/18/17
2019 NAIP  USDA 7122, 8/12 Yes  8730/3400/ 3150 Entire river

and 8/31/20

*Note: imagery in bold boxedefinea single time periodor analysis

The 1939 imagery is only available for river segments upstream of Mallards landing;dptuits

conditions several decades before the completion of Yellowtail Dam. Similarly, tHEO80d imagery
was taken before dam completion; both suites capture more dynamic river conditions relative to post
dam photos Figurel8). Thel970/80 imagery Figurel9) represents the earliest poatellowtail Dam
conditions. The 2019 NAiflagery captures the impacts of recent floods.
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Figure22. Example 209 NAIP imagery.

3.2 GIS Project Development

GIS poject datafor the Bighorn River has beeleveloped over the past two years to suppseveral

BHRA studies. Alldata@s2 YLIA £ SR dzaAy3a 9{wLQ& ! NDal L)l DS23INJ LKAO
common coordinate systemMontana State Plane NAD8&eters. While the orthorectified air photos

provide the basis for CMZ mappiraher existingdatasetsincluded roadsMT Fish Wildlife and Parks

stream stationingscanned General Land Office Survey Maps obtained from Bureau of Land

Management, and geologic maps produced by the United States Geall&giveyAdditionally, 2018

LiDAR data collected by the Natural Resources Conservation Service (NRCS) and developed for the BHRA
LydzyRFiA2y wAiail {ddzRé O0¢KFIOKSNk. 28RZ HAHNO LINRJA
floodplain connectivity.

3.3 Bankline Mapping

Banklines representing bankfuflarginswere digitized for each year of imagery at a scalelo3,000. A
tablet computer running ArcGIS and using a pen stylus was used to trace the banklines using stream
mode digitizing. This methodolp@llowed us to capture a much more detailed bankline than using a
mouse. Bankfull is defined as the stage abowhichflow starts to spread ontthe floodplain. Although
that boundary can be identified using field indicators or modetesylts(Riley,1972) digitizing

banklines folCMZ development requirgke interpretation of historic imageryTherefore, we typically
rely on the extent of the lower limit of perennial, woody vegetation to define channel b@nésnt &
Louis, 2005) This is based ote generally accepted concept that bankfull channels are inhospitable to
woody vegetatiorestablishment Fortunately, shrubs, trees, terracesd bedrock generally show
distinct signatures on both older blaegkdwhite as well as newer color photographyhese signatures,
coupled with an understanding aiparianprocesgs allow for consistent bankline mapping through

time and across different types of imagery.
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3.4 Migration Rate Measurements

Once the banklines were digitized, they were evaluated in seofrdiscernable channel migration since
the mid-1950s Where migration was clear, vectors (arrows with orientation and length) were drawn in
the GIS to record that change. At each sitbankline migration, measurements were collected
approximately evey 150-200feet (Figure23). A totalof 1181 migration vectors were generated for the
Bighornat a scale of ~1:2,000rhese measurements were theegmented by timeframe (1955979
and1979/80-2019 to capture preand postYellowtail Dam conditions arslimmarized by reacfFigure
23). Thepost-Yellowtail Dam resultwere then used to define a reaedtale erosion buffer width to
accommodate anticipatetuture erosion. Results of this analysis are summarized in Sedtign

Migration Vectors

Feet

400

1955 Channel
1 1979 Channel
I 2019 Channel

Figure23. Example of migration measurements between ®&nd 2019 (migration distance in feet).

3.5 Avulsion Hazard Mapping

Avulsion hazards can be difficult to identify on broad floodplains becansavulsion could occur
virtually anywhere on the entire floodplain if the right conditiomsre to occur.As such, aulsion
pathwayswere identified and mapped usirgiteria that identify a relatively high propensity for such an
event. These criteriasually include the identification of high slope ratios between the floodplain and
channel(shortcuts across the floodplairtjibutary channels at risk of capturand the presence of relic
channels that concentrate flow during floodBigure24 shows several potential avulsion patist

follow remnant channels, several of whiwere active prior to dam closure
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Figure24. Exampleavulsion paths on Bighorn River floodplain
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4 Results

The Channel Migration Zone (CMZ) developed folRtighornRiver is defined as a composite area made

up of the existing channel, the historic ¢treel since 1956 (Historic Migration Zone, or HMZ), and an
Erosion Hazard Area (EHA) that encompasses areas prone to channel erosion over the next 100 years.
Areas beyod the EHA that pose risks of channel avulsion comprise the Avulsion Hazard Zone (AHZ).
Lastly, those areas where migration has been restricted are highlighted as Restricted Migration Area
(RMA).

4.1 Project Reaches

The study area includes approximately 84emibf river from the Afterbay Dam to the Yellowstone River
(Figure25). The river flows primarily through Big Horn County, with the lower 13 miles flowing along
the Ydlowstone/Treasure County boundary. Imagery datasets cover the active river corridor and
adjacent uplands, while feature digitizing focuses on the historic active river corridor.

The approach to CMZ mapping used here includes a reealle evaluation athannel migration rates.

For the 84 miles of project length, the river was broken into seven reaches based on geomorphic

character such as river pattern, rates of change, and geologic corfiglgé25). The reaches range in

length from 3.7 to 25.3 mile§ &ble2). Average channel slope for each reach flattens in the

downstream direction, with a clear drop in slope below ReBB3whichendsaa | t f | NRQ&a [ | YRAY
(Figure26). These are the same reaches used in the BRI Spatial Data Report (Thatcher and Boyd, 2019).

Table2. Bighorn River reach summary.

Upstream Downstream | Length
Reach  Location | RM RM (mi) Description

BH1 | Afterbay Dam to 83.7 3.7 First few miles below Afterbay Dam;
Three Mile geomorphically simple and relatively

stable/static

BH2 | Three Mile to 80 71.6 8.4 Increasing complexity via side channels,
Bighorn FAS wetlands, and sloughs, increased sedime

transport and disturbance.

BH3 | Bighorn FAS to 71.6 63 8.6 River closely follows west bluff line. Loss
al tfF NR( of several miles of side channel at St Xav
Landing FAS since 1939

BH4 [al f f I NR( 63 52 11 Continues to follow bluff line. Several
Landing FAS to complex island segments.

Two Leggins FAS

BH5 | Two Leggins FAS 52 42 10 River crosses valley to east bluff line; son
to Little Bighorn persistent split flow segments.
River

BH6 | Little Bighorn 42 26.2 15.8 | Increased meander development and
River toGeneral channel migration below Little Bighorn
Custer FAS River confluence. Increased armoring

relative to upstream.

BH7 | General Custer 26.2 0.9 25.3 | Some rapidly migrating bendways and
FAS to threats to infrastructure/agricultural land.
Yellowstone
River Confluence
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Figure26. Averagewater surfaceslope for project reaches plotted from upstreanBHJ) to downstream BH7) showing
progressive loss of gradient

4.2 The Historic Migration Zone (HMZ)

The Historic Migration Zone (HMZ) is created by combitiadankfull channel polygons into a single

HMZ pdygon. The bankfull channels commonly split and rejoin, creating a mosaic of channel courses
with intervening islands, some of which are seasonal. The HMZ footprint includes all channels as well as
any area between split flow channels. By includatands the HMZ captures the entire footprint of the

active river corridofrom 1960s t02019. In some settings where island areas are-eaodible, it may

be appropriate to exclude these features from the CMZ. In the case ®igfernRiver,however,

these areadave been retained in the CMZ since they are made ypuwoifig alluvial deposithat are

prone to reworking oavulsionand are thus part of the active meander corridor

Any side channels that have not shown perennial connectivity to the maimehamcehe mid-1950s
were not mapped as active channels and are not included in the HMZ.

For this study, the Historic Migration Zone is comprised of the total area occupiigjbgrnRiver
channel locations in 19856, 1979/80, 19%, 2005,2017 and P19 Figure27). The resulting area
reflects65years of channel occupation for the length of BBgghornRiver study area.
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Figure27. The Historic Migration Zone (HMZ) is tkembined footprint of all mapped channel banklines.

4.3 The Erosion Hazard Area (EHA)

The Erosion Hazard Area (EHA) is based on measured migration rates, which are derived from measured
migration distances. Migration distances were measured where it wasttlaethe channel movement

was progressive lateral movement and not an avulsionorder to characterize longer term rates of
movement (not just postdam), atotal of 1205measurementsvere collected on theBighornRiverto

capture movement from the 19k imagery (either 1954 or 1956) to 20TBhe minimum distance

measured is 20 feet, which proved to be an easily measurable distance that is not compromised by the
resolution or spatial accuracy of the dat@he measured migration distances atersnarizel in Figure

28, and migration rates are shown kigure29. Migration intothe bluffs along the valley wallas

summarized separatelyThe results show that migration rates generally increase in the downstream
direction, with the most rapid bank mewmentin reaches BH6 and BH7, which are located downstream

of the mouth of the Little Bighorn River. Below the mouth of the Little Bighorn, the mean migration
distance measured for the 195@919 timeframe was about 250 feet. The maximum migration digtan
measured was 017 feet, on a rapidly migrating bendway at RB17, where the river hasroded into

the base tower of a 500KV power line that runs west from Colstrip. That bendway has migrated towards
the power line at an average rate of 16.1 feet gear since 1956. This site is discussed in more detail in
Section0.
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Figure29. Box and whisker plot showing measured 198@19 migration rates by reachral for the bluffline -- reaches are
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One majorconsideratiorwith the migration rate analysis angHA development on the Bighorn River is
capturing erosion hazards underditurrent hydrologic regimeYellowtail Dam was completed in 1966
and the flood regime on the river below the dam has been dampened substantially sincé-ibere(

12). As aresult, using pdam measurements of channel movement will potentially inflate estimates of
current rates of changeTo capture the effects of flow management on migration rates, ritigration
vectors were segmented using the 1989 banklines, providing two datasets: 1950s to 188 and
197980-2019. The earlier datassummarized irfFigure28 and Figure29 aboveincludes 16 years of
pre-dam conditions and 13 years of patim conditions. The second dataset is entirely mtzsh.

When plotted as segmented griation measurements, results show that migration rates were markedly

higher in the earlier dataseF{gure30 andFigure31).
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Figure31. Mean migration rates for ~195897980 and 1979/80-2019conditions, Bighorn River.

Since flow alterations imposed by Yellowtail Dam appear to have reduced rates of channel migration,
only postdam migration were used to calculate the EHA buffer widths. This is done by taking the
average annual rate of movement in each reach and multiplying it by 100, giving an estimate of how far
the river may be expected to move, under current water maemagnt conditions, over the next century.
These widths range from 87 feet in Reach BH1 just below Afterbay Dam to 206 feet in Reach BH6 below
Hardin Table3 and Figure32).
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As themeanmigration rate is thestatisticused to calculate the EHA buffer, the results are inherently
conservative. Thus, some localized channel migratioomugh and beyond the EHA buffer should be
anticipatedover the next century Table3 shows thatin almost every reacithe 108year erosion buffer
is less than the mximum measured migration distance. Typically, however, these areas of rapid
bankline movement are within the Historic Migration Zone, and thereby captured in the CMZ.

Table3. EHA buffer widths used for Bighorn River CMZpping.

Bighorn River Erosion Hazard Area Buffer Widths

1979/80-2019Data
Reach Maximum
Migration Mean
Number of Distance Migration CMZ Buffer Distance
Measurements (ft) Rate (ft/yr) (ft)
BH1 14 45 0.9 87
BH2 42 131 1.0 96
BH3 62 101 1.1 107
BH4 57 238 1.9 187
BH5 58 272 1.8 181
BH6 172 626 3.1 306
BH7 196 582 2.6 257
Bluffline 36 125 0.8 79
637
Bighorn River EHA Buffer Width B 1979-2019
350
306
300 |
- 257
£ 250 _
g 200 187 181
g 150
B 0 87 °° ~ 79
Y50 ﬂ
0
BH1 BH2 BH3 BH4 BHS5 BH6 BH7 Bluffline*
Reach

*Bluffline buffers only added to erodible (shaiieh) geologic units.
Figure32. Erosion Hazard Arg&HA) buffer widths by Reach, Bighorn River.

The location and intensity of rapid streambank erosion shifith time. Over a century, areas that
currently show no erosion may become more active. Predicting these shifts is difficult due to the
number ofdrivers that can cause these shifts (ice, woody debris, floods, cutoffy, Aksuch, the
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erosion buffer is assigned to all bardefined by the most recent (2019) bankline mapping datase¢n
those not currently eroding, to allow future bank movenie any given location. This is consistent

with the Reach Scale approach outlined by the Washin§tateDepartrrent of Ecology (WSDE, 2010).
The general approach to determining the Erosion Buffer (using the anngedtion rate to define a
100-year mgration distance) is similar to that used in Park County (Dalby, 2006), on the Tolt River and
Raging River in King County, Washington (FEMA, 1999), and as part of the Forestry Practices of
Washington State (Washington DNR, 2004).

An example of EHA mappims shown ifrigure33. If the EHA extends into the Historic Migration Zone,
it is masked by the HMZ so that areas of historic channel locationwiaréized in the mapping
hierarchy. As a result, the EHA is typically discontinuous along the river.

Erosion Hazard Area

11979 Channel
I 2019 Channel

Figure33. The Erosion Hazard Area (EHA) is a buffer placed on the 2019 banklines based on 100 years ofrofgmatieh
for the reach.

4.4 The Avulsion Hazard Area (AHZ)

The Avulsion Hazard Zone (AHZ) includes the areas of the river landscape, such as secondary channels,
relic channels, and swales that are at risk of channel occupation outside of the Historic digiatie
(HMZ)Figure34).

A total offour historicavulsions were mapped on thligighorn River All of them occurred between
1954and 198B. The two major types of alsion processes on thgighorn Riveare meander cutoffs
and capture of old channels/floodplain swalgSonsidering historic patterns of avulsions, the CMZ
boundaries were extended to captusimilarareas that show demonstrable potential for avulsiongio
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the next century. These mapped units capture floodplagaa thatare beyond theHMZ or EHAut

have side channels prone to-cecupation or meander cores prone to cutoff is important to

recognize, howevethat these events could realisticallyl LILISY ' y@ g KSNBE 2y (GKS
the CMZ mapping captures only the most demonstrable avugione areas.

Alvulsion Hazard Zone
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Figure34. The Avulsion Hazard Zone (AHZ) captures areas beyond the EHA at risk of channel occupatioraduisitm.

4.5 The Restricted Migration Area (RMA)

Therestrictedmigration aredargely reflectdank protection associated with major diversicarsd
bridges.

A total of3.5miles of bank armor were mapped on tBd miles of project length Barbs are also present
although they do not appear tbe very effective at stopping bank erosiongpst of the mapped barbs

have either been flanked @re at imminent risk of flankindrigure35 shows that the extent of armored
banks ranges from 2% t@% of themain channel length. Because they perform so poorly, the length of
rockbarbsis not included in the armor totals
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Bighorn River Bank Armor
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Figure35. Percentage of bankline protected by armor by reach.

Figure36 shows an example of Restricted Migration Araesund the Two Leggins Canal

Restricted Migration Area
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3 B2 Restricted Migration Area (RMA)

Figure36. Restricted Migration Area3wo Leggins Canal

Bank armoring currently restts access to approximdie342acres of the Channel Migration Zone. The
armor isprotectinga mix of transportation, municipal (water treatment), and agricultural (irrigation and
fields) assets.

BighornRiverCMZMapping 36 January 2021



Restricted Migration Area (RMA) Acres

140

126.6
120
100
76.7
Q 20 72.0
O 56.2
< 60
40
20 93
1.7 0.0
, m
BH1 BH2 BH3 BH4 BH5 BH6 BH7

Reach

Figure37. Acres of the CM#apped as restricted by reach.

4.6 Valley Wall Erosion

BetweenAfterbay Dam and the Yellowstone Rive margins of theactive Bighorn River floodplain
consist of both erodible and neerodible valley walls. The narodible margins are generally

comprised of Cretaceoteye sandstone overlain by a younger alluvial cap. The erodible terraces are
more consistently shales or young terraces that were shown to erode, but typically at a lower rate than
the floodplain alluvium. An erosion buffer was addo the erodible valley margins (shales and alluvial
terraces), and sandstone bluffs that show no evidence of erosion were entirely clipped from the CMZ.

Many CMZ mapping efforts incorporate a Geotechnical Setback on valley walls, which is an area of
expanded Erosion Hazard Area (EHA) against geologic units that may be prone to geotechnical failure
such as landslides, slumps, or rockslidesndslides are not uncommon along the Bighddefining an
appropriate setback for these processes is difficutbett and may reflect more stochastic processes

than have been used to develop the CMZ. As a result, Geotechnical Setbacks have not been
incorporated into the EHA, and incorporating the potential for mass failure on hillslopes was considered
beyond the sope of this effort.

4.7 Composite MagAppendix A)

An example portion of a composite CMZ map for a section oBtgbeornRiver project area is shown
Figure38. Each indidual mapping unit developed for the CMZ has its own symbology, so that any area
within the overall boundary can be identified in terms of its basis for inclusier the84 mile project
reach, a total ofLl7,483acres of land comprise the Civiat about208acres per mile
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Figure38. Composite Channel Migration Zone map.
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5 BighornRiver Reach Descriptions

The following section describes each reach in terms of general aspects of the CMZ that demonstrate
fundamental aspects of channel migration on the river, and highlights areas of special concern.

General observations of the project area are dominated byasked change in river conditions between
the earliest available imagery (mi®50s) and current conditions. The 1939 photos capture a much less
controlled and wild river, with broad open sand bars and extensive split flow. As flows have become
more maraged, the sediment load has dropped and flow variability has waned, resulting in vegetation
encroachment and landform stabilization. Another trend is from upstream to downstream; reaches
below the Little Bighorn River confluence are inherently more dyndhzin those aboveMore

discussion of the impacts of dam construction on river flows and reach conditions can be found in the
Bighorn River Alliance Hydrology Report (B&gd,9).

The CMZ maps for each reach are compiled in Appendix A.

5.1 Reach BH1: Aftedy Dam to Three Mile

Reach BH1 extends 3.7 miles below Afterbay Dam to Three Mile Fishing (kape®39). This section
of river immediately below the Afterbay Dashows little in the way of geomorphic change in recent
decades.

For the Postrellowtail Dam timeframe captured in the imaget®79/802019, Reach BH1 has an
average migration rate of 0.9 feet per year as measured at 14 sites. The maximum migr&iocedis

45 feet. These rates of movement are substantially lower than those measured for theL29980
timeframe, which average 1.6 feet per year at 44 sites. This is the same pattern we seewiddgem

and based on the geomorphic character of thesr, dampened rates of movement clearly stem from

the reduction in both flooding and sediment delivery following the completion of Yellowtail Dam in the
1960s. The erosion hazard buffer width in Reach BH1 is 87 feet, with a buffer of 79 feet alomy the hi
erodible bluffs. This is the narrowest erosion buffer on the river.

Although Yellowtail Dam has blocked most sediment dglit@Reach BH1, there is still some gravel
delivered through bank erosion and from tributaries. The most significant grawelesappears to be

from the Red Cliffs (RML8!), where gullying of the terrace has delivered coarse sediment to the river
(Figure40), which has downcut through thern®ce, enters the Bighorn along the Red Cliffs and similarly
delivers gravels which could prove to be important for spawning habitat sustainability in this sediment
starved reach.

Reach BH1 currently has no active side channels, although remnantsilaie aisthe floodplain.
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Figure40.Coarse sediment delivered via terrace gullying below Grapevine Creek, RM 8

Most of CMZ in Reach BH1 is mapped\asdsion hazard area, where floodplain swales are continuous
and unperched, indicating their potential for reactivation during floods. Several avulsion risk areas
capture channels that were active prior to dam completiBig(ire41). One avulsion event was mapped
in this reach; it occurred between 1954 and 1979 when a new channel cut through an island just
upstream of the Three Mile Acce$ddqured?).

Areas of discernable erosion in Reach BH1 include the following:

1 RM &.4: Severe local erosion adjacent to the Bighorn Caigili(e43).

1 RM &.2:Right bank at Bonefish Flats

1 RM82.1 Both banks have eroding as Second Island and Third Island have established and
expanded

1 RM 8L.8 Substantial left bank erosion (~50 feat Bacon Hole prior to 1979

One concern with the lack of geomorphic disturbance in Reach BH1 is the total lack of riparian
recruitment on the floodplain; most cottonwoods are mature and becoming increasingly decadent, with
few young trees to take theplace Figure44). Russian olive is common and commonly forms thick
stands on the streambanks. One positive observation in the CMZ mapping is the local recruitment of
gravels from terraces, floodplain surfaces, and via tributaries; this will contribute at least some spawning
gravels to the reach, helping to mitigate future inevitable gravel depletions due to the upstream

trapping of sediment in Bighorn Lakeigure45).
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